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EDITORIAL REVIEW
Phenomenological analysis of renal regulation of sodium and
potassium balance
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Baltimore, Maryland, USA
Extracellular fluid volume (ECF) is maintained within normal
limits principally by the renal regulation of sodium excretion.
Despite a wealth of studies on specific mechanisms, such as the
renin-angiotensin-aldosterone system, there is little information
as to exactly how ECF varies in response to variations in salt
intake. For example, when intake and output of sodium are
equal, what is the relationship between ECF and output (or
intake)? When salt intake changes in a step fashion, what is the
time course of the resulting changes in ECF and sodium
excretion?
Ludwig [1] was the first to recognize that ECF varied in
response to salt intake. Strauss et al [21 suggested that "the
amount of sodium excreted in the urine on any one day is a
function of total body sodium on that day and particularly of
that moiety which is in excess of the body's needs." Although
their diagram indicates that this function should be a linear one,
they did not offer any evidence for linearity. Hollenberg [3, 4]
extended this concept by proposing that sodium balance in a
normal subject is regulated about a set point defined as "the
amount of sodium chloride in his body when he is in balance on
no salt intake." He also proposed that ECF is a linear function
of the logarithm of sodium intake (or output) as shown by the
following statement: ". . . one would anticipate that the impact
on the system of moving from a l0-mEq to a 30-mEq daily
intake would be equivalent to that in moving from 30 mEq to
100 mEq and even more dramatically, on moving from 100 to
300 mEq daily" [3]. Bonventre and Leaf [5, 6] disputed the idea
of a fixed set point, suggesting that each sodium intake eventu-
ally leads to a new steady-state level of body sodium. However,
they evidently accepted the view that the relationship between
total body sodium and sodium intake or output at steady-state
should be logarithmic, as indicated by their Figure 1.
None of these authors has derived mathematical formulations
of these relationships or presented data to support their hypoth-
eses, except Strauss et al [2], who showed that sodium excre-
tion decays exponentially in response to a very low salt intake,
an observation that has been confirmed repeatedly [7—9].
This latter observation suggests that sodium excretion is a
linear function, not a logarithmic function, of body sodium, as
Strauss et al [2] apparently recognized. However, the slope of
their linear diagram is 1.0, while the exponential decay constant
they observed was 0.7 15 0.028 day'. As shown below, both
constants should be the same.
Renal regulation of potassium excretion, from the phenom-
enological point of view, has received even less attention,
despite many studies of the roles of aldosterone, distal sodium
delivery, and other factors. It apparently has not been deter-
mined how much (if any) total body potassium varies with
potassium intake or how fast adjustments occur. The purpose of
this report is to examine what the consequences would be, in
these terms, of a linear dependence of sodium and potassium
excretion on total body sodium and potassium, respectively,
and to compare these predictions with recalculations of re-
ported studies in which normal subjects have been given
varying intakes of sodium or potassium.
The model
It is well known that rates of renal excretion of sodium and
potassium can fall to a minute fraction of the usual rates during
dietary deprivation or frank deficiency. Therefore, a value for
bodily content of each ion, A0, must exist below which renal
excretion effectively ceases (excretion by other routes such as
the gut being ignored). The hypothesis to be tested is that the
excretory rate is proportional to the excess of bodily content,
A1, at any time t, over A0, which will be termed the "zero
point." The term "set point" will not be used for this quantity
to avoid the implication that the system is designed to regulate
body content at this value. The letter "I" designates absorbed
intake1. Thus,
dA/dt = I — k(A — A0)
where k is a proportionality constant. Integration yields
A1 = (I + kA0) (k' + Ce_kt)
where C is the constant of integration.
(1)
(2)
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'If absorbed intake were to exceed renal excretory capacity, A, would
expand without limit. However, there is no evidence that absorbed
intake of sodium or potassium can exceed the enormous renal excretory
capacity for these ions that is demonstrable, for example, during
intravenous loading.
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Table 1. Slope, kNa, of urinary sodium excretion as a function of sodium balance in normal subjects, derived from various reports
Reference No. of subjects Method kNa, day' r
Weinberger et al [12] 14 bNa 0.72 0,91
Sealey et al [13] 3 bN, 0.77 0.98
Crabbé, Ross, and Thorn [141 5 bN. 0.77 0.83
Braunwald, Plauth, and Morrow [15] 2 bNa 0.70 0.95
Leaf and Couter [16] 3 bNa 0.73 0.77
Leaf, Couter, and Newburgh [17] 3 bNa 0.74 0.74
Casson et al [18] 5 Wt 1.13
Kirkendall et al [19] 8 YD inulin 0.60 0.98
Brown, Brown, and Krishan [20] 8 ENa 1.12
Ross and Winternitz [71 8 t112 0.66
Epstein and Hollenberg [81 89 t112 0.94 0.04
Carey [9] 8 t1,2 0.64 0.03 0.996
Strauss et al [2] 15 t1,2 0.72 0.03
Average 0,79 0.05 0.90
Abbreviations: bNa, change in cumulative sodium balance; V inulin, change in volume of distribution of inulin; Wt, change in weight; t112,
exponential decay of urinary sodium on a low sodium diet; r, correlation coefficient between cumulative sodium balance and urinary sodium
excretion.
Thus, when intake is changed at time to from one constant
value, I, to another, 12, A1 will approach its new limit according
to an exponential approach to a limit with time constant k as
follows:
A1 — A0 =+_— '2—ktk k
Steady-state body content, A, on constant intake, I, of any
magnitude will be a linear function of intake, because the
exponential term will disappear as t approaches infinity:
A = A0 + I/k
elapse between intravenous administration of sodium and the
physiological alterations necessary to bring about the relation-
ship postulated in Eq. (1), this should occasion no surprise. The
renal response occurred within a few hours in the experiments
cited above. In consequence, only 24-hr excretion rates will be
(3) used to test the model proposed.
Results were compiled from experiments in which normal
subjects were given two or more levels of sodium intake, and
24-hr sodium excretion was reported. Cumulative sodium bal-
ance during the course of the experiments could be calculated
from published graphs or tables in six studies of varying sodium
intake. Changes in cumulative sodium balance during varying
intake also were evaluated using three other types of data: (1)
changes in body weight, multiplied by 140 mEq/kg to yield a
rough approximation of changes in body sodium (one study); (2)
changes in the product, plasma sodium concentration times
extracellular fluid volume as estimated by inulin space (one
study); (3) changes in exchangeable sodium, determined by
isotopic measurement (one study). The linear regression of
urinary sodium excretion on changes in total body sodium,
estimated by one of these methods, was calculated for all four
types of data. The calculated slopes and correlation coefficients
for each of these nine studies are shown in Table 1. Four
additional studies identified report the exponential slope of
falling sodium excretion in response to a very low sodium diet
which is another way to estimate kNa, as noted above. In one of
these studies [7] variability was not reported. The table reveals
that there is some variability in the average kNa among these 13
studies. These differences may be attributable to variations in
experimental design; however, the average correlation in the
balance studies is quite high, 0.90, and the SE of the slope in
three of the four t112 studies averages only 4% of the slope.
Figures 1 and 2 display a few examples of cumulative balance
studies. The linear model clearly provides a good description of
the 24-hr excretion data in all of these studies.
kNa in the 13 reports averages 0.79 0.05 day'. In the nine
cumulative balance studies, the average value (0.81 day') is
very close to the average in the four t112 studies (0.74 day). As
Eq. (3) shows, the overall average of 0.79 day means that a
(4)
Urinary excretion, U, is the difference between intake and
rate of change of body content. Thus, estimating dA/dt by
differentiation of Eq. (3) Ut is expressed as shown:
12 — dA1/dt = 12 + (I — 12) e_kt (5)
At steady-state, urinary excretion, U, is equal to intake and
dA/dt equals 0. Hence, from Eq. (1),
U = k (A — A0)
The following points should be noted: (1) Neither negative
values of intake nor negative values of A, A0, or k are
considered; (2) Eq. (4) defines a series of set points that depend
on the value of I.
Sodium homeostasis: compilation of data from literature to
test the proposed hypothesis
The renal response to sodium loading and deprivation has
been examined repeatedly. A brief literature review makes
clear that the present hypothesis is not applicable to short-term
experiments. Papper, Belsky, and Bleifer [101, for example,
showed that the rate of excretion of a sodium load subsequent
to an intravenous infusion of sodium chloride is much more
rapid in subjects on a high sodium intake than in those on a low
sodium intake. This finding, also reported by others [111,
demonstrates that when total body sodium is changed abruptly,
Eq. (1) cannot apply instantaneously. Since some interval must
(6)
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Fig. 2. Urinary sodium excretion as a function of cumulative sodium
balance in 14 normal subjects, recalculated from data reported by
Weinberger et al [12]. The regression line is shown. Different results
were seen in subjects in whom potassium losses were replaced.
step change in sodium intake will be followed by a change in
sodium excretion which will approach its new steady-state
value with a half-time of 0.693/0.79 days or 21 hr on the average.
As Eq. (4) shows, the change in total body sodium at steady-
state will be, on the average, 1.3 0.1 times the change in daily
sodium intake.
Potassium homeostasis: compilation of data from literature
to test the proposed hypothesis
The results of nine published studies in normal subjects in
which urinary potassium excretion is reported on varying
intakes of potassium are summarized in Table 2. Cumulative
potassium balance has been recalculated in each case from daily
measured potassium balance, or from an estimate of potassium
balance as intake minus urinary excretion minus 10 mEq/day
(for stool potassium). The linear regression slope of excretion
on cumulative balance in each study and the correlation co-
efficient, which averages 0.93, are shown. A few examples are
illustrated in Figure 3. The model appears consistent with
reported data.
kK for the nine studies averages 0.60 0.08 day. At
steady-state the change in total body potassium is, on the
average, 1.7 times the change in intake. Thus, the half-time of
approach of urinary potassium excretion to a new steady-state
value following a change in potassium intake should be, on the
average, 0.693/0.60 days or 28 hr.
Sodium excretion is another factor determining potassium
excretion [29]. Subjects on a high salt intake not only exhibit
increased potassium excretion on constant intake, thereby
lowering the zero point for potassium excretion, but also exhibit
an accelerated adaptation of urinary potassium excretion to a
change in intake; subjects on sodium-restricted diets show the
opposite trends. Both the slope and intercept of potassium
homeostasis correlate positively with respect to sodium intake.
These observations would need to be considered in a more
complete description of potassium homeostasis. Furthermore,
other factors may modify the relationship between total body
potassium and renal potassium excretion, including adaptation
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Table 2. Slope, kK, of urinary potassium excretion as a function of
potassium balance in normal subjects, calculated from various reports
100 200 300 400 500 600
Cumulative sodium balance
Reference
No. of
subjects kK, day r
Costill, Cote, and Fink [21] 8 0.98 0.99
Horwitz, Margolius, and Keiser [22] 16 0.75 0.91
Gann et al [23] 2 0.71 0.90
Brunner et al [24] 1 0.39 0.98
Cannon, Ames, and Laragh [25] 4 0.42 0.89
Malhotra et al [26] 1 0.37 0.88
Bartter [27] 1 0.55 0.96
Voors et al [28] 7 0.65 0.91
Average 0.60
0.08
0.93
Fig. 1. Three representative studies of sodium loading in normal
subjects from literature, recalculated to display 24-hr urinary sodium
excretion as a function of cumulative sodium balance. The lines were
calculated by least squares linear regression. Sources used are: crosses,
Braunwald, Plauth, and Morrow [15]; solid circles, Sealey et al [13];
open circles, Kirkendall et al [19].
Abbreviation: r, correlation coefficient between cumulative
sium balance and urinary potassium excretion.
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Fig. 3. Urinary potassium excretion in normal subjects fed high or low
potassium diets, recalculated as a function of cumulative potassium
balance from three representative studies. The linear regression lines
________________________________________ for each study are shown. Sources used are: crosses, Brunner et a! [24];
200 400 600 800 1000 1200 1400 solid circles, Costill, Cote, and Fink [21]; open circles, Bartter [27].
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to altered dietary intake, acid-base balance, distal tubular flow
rate, and mineralocorticoid activity [291. Some of these factors
may account for the differences between the results of the nine
studies summarized in Table 2.
Discussion
The purpose of this analysis has been to clarify the relation-
ship between intake, bodily content, and excretion of sodium
and potassium. Despite numerous studies of regulatory mecha-
nisms involved in sodium and potassium homeostasis, it ap-
pears there have been few attempts to describe these funda-
mental relationships as observed in normal human subjects.
Indeed, the term "homeostasis" is often used with the implica-
tion that regulatory mechanisms prevent any variation in the
homeostatic variable in response to external influences. This
was not Cannon's view [30] and is also not characteristic of
servomechanisms in general. The published studies of sodium
and potassium balance in response to variations in sodium or
potassium intake, summarized herein, make clear that the
bodily content of both ions is not constant, but depends on
intake.
Because both sodium and potassium are excreted predomi-
nantly by the kidney, the inference that excretion of each ion is
a function of body content is almost inescapable. There appears
to be no evidence for an effect of intake on excretion, indepen-
dent of body content, for either sodium or potassium. Adapta-
tion to low or high potassium intake can occur, but this is
presumably adaptation to low or high body content, not intake
per se.
The function proposed in this study to describe this relation-
ship is the simplest one conceivable, in view of the knowledge
that excretion of either ion by the kidney can fall to zero. As
such, it is almost certain to be an oversimplification.
Nevertheless, the relationship between published data and
the predictions of this model is quite close—too close, it
appears, to refute the model at least regarding 24-hr excretion
data. On the other hand, sodium excretion when observed over
shorter intervals clearly does not follow this model. This
observation does not mean that the model is invalid, but rather
that it does not describe short-term variations in sodium excre-
tion in response to intravenous loads (nor does it describe
diurnal variations). As noted above, some finite interval of time
must elapse when ECF is changed before those mechanisms
that are responsible for simple proportionality between ECF
and excretion can be activated. The fact that observations made
during the few hours of intravenous loading deviate from the
model suggest that these mechanisms require more than a few
hours to achieve their effect.
Additional data clearly are needed to test this model. In
particular, it has not been shown that the time constant of
approach to a new steady-state value for ECF is the same when
salt intake is increased as it is when it is decreased (although it
is usually assumed that this is the case.) No data appear to be
available to assess the rate of decline or increase of potassium
excretion as potassium intake is changed.
The applicability of this model to abnormalities of sodium
homeostasis is of interest. If the proportionality between so-
dium excretion and ECF is maintained in pathological states, it
is clear that this relationship can be altered through change in
the zero point, change in the slope, or both. Re-examination of
pathological states in this light may prove useful.
MACKENZIE WALSER
Baltimore, Maryland, USA
Appendix
When sodium or potassium intake is changed, 2 or 3 days are
required for a new steady-state to be established, as shown by
the studies cited. In compiling the data for Tables 1 and 2, all
observations were used, including those on the first few days of
a change in intake, The average number of days on a given
intake is 8 days for Table 1 studies and 5 days for Table 2
studies. Inclusion of data before the steady-state should tend to
underestimate potassium somewhat. Ideally, Eq. (3) instead of
Eq. (6) should be fitted to these early data. However, exclusion
of data obtained during the first 2 days had no discernible effect
on the overall means.
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